Humans can precisely sense the position, speed, and torque of their body parts. This sense is known as proprioception and is essential to human motor control. Although there have been many attempts to create humanmechatronic interactions, there is still no robust, repeatable methodology to reflect proprioceptive information from a synthetic device onto the nervous system. To address this shortcoming, we present an agonist-antagonist myoneural interface (AMI). The AMI is composed of (i) a surgical construct made up of two muscle-tendons-an agonist and an antagonist-surgically connected in series so that contraction of one muscle stretches the other and (ii) a bidirectional efferent-afferent neural control architecture. The AMI preserves the dynamic muscle relationships that exist within native anatomy, thereby allowing proprioceptive signals from mechanoreceptors within both muscles to be communicated to the central nervous system. We surgically constructed two AMIs within the residual limb of a subject with a transtibial amputation. Each AMI sends control signals to one joint of a two-degreeof-freedom ankle-foot prosthesis and provides proprioceptive information pertaining to the movement of that joint. The AMI subject displayed improved control over the prosthesis compared to a group of four subjects having traditional amputation. We also show natural reflexive behaviors during stair ambulation in the AMI subject that do not appear in the cohort of subjects with traditional amputation. In addition, we demonstrate a system for closed-loop joint torque control in AMI subjects. These results provide a framework for integrating bionic systems with human physiology.
INTRODUCTION
Proprioception is the sense of the relative spatial positioning of one's body parts and of the amount of force exerted on the environment (1) . It is essential to human motor control, gait adaptation, and joint stability (2, 3) . In humans, proprioceptive feedback is primarily mediated by a complex relationship between sensory organs within muscles and tendons (1) . Although a large body of literature exists surrounding the biological structures involved in proprioceptive sensation, including stretch receptors in the skin (4) (5) (6) and movement receptors in the joints (7) (8) (9) , there is substantial evidence highlighting muscle spindles and Golgi tendon organs (10) as the predominant mediators of joint proprioception (1) . Muscle spindles and Golgi tendon organs represent only a portion of the larger proprioceptive system; however, studies in vibration-induced illusory kinesthesia have indicated that isolated activation of muscle afferent receptors is sufficient to promote sensations of joint position, movement, and torque (11, 12) . Further evidence indicates that the dynamic relationships within agonist-antagonist muscle pairs are fundamental to natural sensations of joint movement (13) . The complexity of this afferent (neural pathways that relay information from a muscle or other end organ to the central nervous system) feedback system poses a challenging hurdle for the development of bionic limbs that benefit from bidirectional neural communication.
The clinical standard of care for limb amputation surgery has not changed in almost two centuries and is not currently optimized to facilitate neural integration with bionic limbs. In a typical amputation procedure, muscle tissues in the residual limb are configured isometrically to create padding for a prosthetic socket (14) , severing the dynamic relationship between agonist-antagonist muscle pairs and limiting the ability of the muscle spindles and Golgi tendon organs within these tissues to communicate meaningful information to the central nervous system. Muscles, tendons, skin, bones, and other tissues distal to the amputation site are typically discarded, despite their potential capacity to contribute to reconstruction of the amputated residuum. Nerves that cross the amputation boundary are cut under tension and then buried into fat tissue or deep in the residuum in an effort to prevent the formation of inappropriate nerve tissue growths, called neuromas, which can cause pain or other phantom sensations (15) . Although sometimes effective in preventing neuropathic pain, this technique creates a hurdle for neural interfaces because of the limited longitudinal viability of direct contact between synthetic interfaces and peripheral nerve tissues, especially for neural recording (16, 17) . Robotic prostheses have been designed around these limitations and fall short of reproducing the biological control experience. The present state-of-theart commercial technology for persons with below-knee amputation is a powered ankle joint that is unable to fully reproduce the motions of the biological ankle and subtalar joints and does not have any direct connection to the nervous system (18) .
Many attempts have been made to overcome the limitations of stateof-the-art amputation surgical techniques and commercial prosthetic systems. Direct stimulation of upstream peripheral nerves through implantable electrodes has shown great promise in restoring cutaneous touch perception and, in some cases, isolated kinesthetic sensations (19) (20) (21) (22) (23) (24) (25) . However, partly because of a mismatch between the complexity of proprioceptive afferent signaling and the relatively low resolution and precision of implantable stimulation methodologies, none of these approaches is engineered to provide, with high-probability, stable and natural proprioceptive percepts. Vibration-induced illusory kinesthesia (12) has been explored as a means of providing joint state information through activation of cutaneous stretch receptors; unfortunately, translation of this approach has been a major hurdle. Regenerative peripheral nerve interfaces have emerged as a means of stifling neuroma formation, preventing phantom pain, increasing the number of independent neural control targets, and conveying cutaneous sensory information (26, 27) . Targeted muscle reinnervation has a strong track record of improving controllability of myoelectric prostheses but is not designed to close the control loop with proprioceptive sensation (28, 29) . Prosthetic hardware has also seen dramatic improvement in recent years (29) (30) (31) (32) (33) (34) (35) , including substantial improvements to myoelectric control architectures (20, 27-29, 34, 36) .
As a methodology of improving efferent (neural pathways that relay commands from the central nervous system to a muscle or other end organ) prosthetic control and providing afferent proprioceptive sensation, we present an agonist-antagonist myoneural interface (AMI). An AMI is made up of an agonist and an antagonist muscletendon connected mechanically in series: When the agonist contracts, the antagonist is stretched and vice versa (37, 38) . The purpose of an AMI is to control and interpret proprioceptive feedback from a bionic joint. This approach was first validated in several experiments using animal models. An AMI was constructed from musculature with intact innervation and vascular supply in a rat distal hindlimb (39) . Graded afferent signals were then recorded from the agonist muscle's innervation nerve during closed-loop functional electrical stimulation of the antagonist, demonstrating the capacity of the AMI to provide natural proprioceptive feedback. In another murine study, we demonstrated that a functional AMI could be constructed from small denervated and devascularized muscle grafts placed in the vicinity of transected motor nerves (40) . A caprine experiment further validated that the principles demonstrated in (39) are scalable to larger animal models (41) .
On the basis of these previous studies, we hypothesized that the AMI procedure and rehabilitation protocol would enable improved control of a multi-degree-of-freedom prosthesis while reflecting natural proprioceptive sensation pertaining to each prosthetic joint onto the central nervous system. In the case study presented herein, we test this hypothesis in a human subject having a unilateral transtibial amputation. We first describe the implementation of two AMIs within the subject's residuum and connection via synthetic electrodes to an external prosthetic leg with powered artificial ankle and subtalar joints. The ability of this AMI patient (subject A) to volitionally and reflexively control the prosthesis in free space was evaluated and compared to a cohort of four participants having traditional transtibial amputation (group T, composed of subjects T1 to T4). We conclude with an evaluation of a functional electrical stimulation (FES) methodology for providing torque feedback from a prosthesis to the peripheral nervous system of subject A.
RESULTS

AMI surgical construction
Two AMIs were constructed in the residual limb of a 53-year-old male at the time of his elective unilateral transtibial amputation. One AMI, composed of the tibialis posterior and the peroneus longus, was designed to control the bionic subtalar joint responsible for prosthetic inversion and eversion movements (Fig. 1, A1 and A2) . A second AMI, composed of the lateral gastrocnemius and the tibialis anterior, was designed to control the bionic ankle joint, responsible for prosthetic plantar flexion and dorsiflexion movements (Fig. 1,   A3 and A4). In each AMI, each muscle was mechanically linked to its partner via a tendon, which passed through a synovial canal, harvested from the amputated ankle joint at the time of amputation. One synovial canal was anchored to the medial flat of the tibia for each AMI and served as a biological pulley for that AMI, enabling the tendon to slide relative to the anchored sheath such that force production in one muscle caused stretch in the other. The AMI muscles were surgically coapted (connected via suture) with each muscle set at its resting tension, such that the default sensory state of each AMI reflected a neutral joint position.
At about 1-year postoperation, ultrasound imaging was used to interrogate motion of each AMI during volitional cyclical movement of the phantom limb. Movement commands were communicated to the subject in terms of phantom limb motion ("dorsiflex your ankle"), rather than activation of a specific muscle ("contract your tibialis anterior"). Fascicle strains were estimated from ultrasound video, recorded from the antagonist muscle as the subject volitionally contracted the agonist. Electromyography (EMG) was simultaneously recorded from the contracting agonist. Ultrasound fascicle data showed physiologically relevant strains (up to 16%) in the antagonist during volitional activation of the agonist. Cross-correlation of the agonist-integrated EMG signal and antagonist fascicle strain showed a strong relationship between agonist muscle activation and antagonist muscle stretch, with a correlation coefficient of 0.94 for inversion (Fig. 1B) and 0.91 for plantar flexion (Fig. 1C) . Coupled motion was also preserved during cyclical alternating contraction of the agonist and the antagonist muscles at both low and high frequencies (movie S1). Additional video was recorded with the ultrasound probe positioned adjacent to the synovial canals; these videos showed sliding along the medial tibia, confirming coupled movement within each AMI (movie S1).
Control architecture: Prosthesis not in the loop
All experiments were carried out using a prototype ankle-foot prosthesis with powered ankle and subtalar joints (see the "Prosthetic hardware design" section in the Supplementary Materials for a description of the robotic hardware). When the AMI subject (subject A) wishes to move the bionic limb, he contracts the AMI muscles associated with his intended motion. Muscle activation is estimated from EMG collected via four bipolar surface electrodes on the surface of the skin, where each electrode is affixed adjacent to one of the four muscles comprising the two AMIs. These estimates are used to independently control position and impedance (mechanical stiffness) of the prosthetic ankle and subtalar joints (for a complete discussion of EMG processing and efferent control architecture, see the "Efferent control architecture" section and fig. S1 ). Because the AMI agonist and antagonist muscles are mechanically coupled within the residual limb of our subject, volitional contraction of an agonist passively stretches that muscle's antagonist. The natural neural responses from muscle spindles within both muscles are then interpreted by the central nervous system as sensations of joint position and speed, associated with movement of the prosthesis ( Fig. 2A) . During volitional movement of his phantom limb, subject A reported natural proprioceptive sensation throughout his phantom joint space, closely matching movement of the prosthesis.
In this free-space control architecture, there is no direct feedback line from the prosthesis to the AMI (hence, "prosthesis not in the loop"). However, the subject receives proprioceptive afferent feedback describing his intended movement command through agonist-antagonist 3 of 13 stretch relationships within the AMI. In free space, where no external torques are applied to the prosthetic joints, the efferent control system is designed to ensure that movement of the prosthesis is reliably synchronized with these natural afferent sensations; in this way, there is limited functional difference between sensations of intended and actual joint motion.
Before beginning the experiments, we found that by tuning controller gains, we could adjust sensitivity of the prosthesis to make it (A) Two AMIs were surgically constructed within the left leg residuum of a patient to enable control of prosthetic subtalar and ankle joint movements. Prosthetic subtalar and ankle movements are shown in (A1) and (A2), and (A3) and (A4), respectively. In (A1), the prosthetic subtalar joint everts (arrow) when the peroneus longus contracts, stretching the tibialis posterior; in (A2), the subtalar joint inverts (arrow) when the tibialis posterior contracts, stretching the peroneus longus. In (A3), the prosthetic ankle joint dorsiflexes (arrow) when the tibialis anterior contracts, stretching the lateral gastrocnemius; in (A4), the ankle joint plantar-flexes (arrow) when the lateral gastrocnemius contracts, stretching the tibialis anterior. Dashed arrows indicate muscle contraction and stretch. more or less reactive to muscle activity than the phantom limb. If the gains were too high, our subject described movement of the prosthesis as "jumpy." Conversely, if they were too low, he described the prosthesis as "sluggish" and "nonresponsive." Once the gains were well tuned, movement of the prosthesis and perceived movement of the phantom limb came into alignment. Control subjects having traditional unilateral transtibial amputation (group T), using the same prosthesis under identical conditions, did not report similar sensations. Despite ample gain adjustments and tuning, none of the control subjects felt that motion of the prosthetic joints closely matched sensation in the phantom limb. One subject (subject T2) specifically attributed this discrepancy in part to an unintended simultaneous antagonistic cocontraction during volitional activation of muscles within his residuum. All subjects in group T described a perception of limited motion throughout their phantom joint space.
Independent control of joint position and impedance
For all subjects, volitional control experiments were carried out after about 1 hour of tuning and free control of the device. These experiments evaluated each subject's ability to independently modulate prosthetic joint position and impedance while performing volitional control tasks with the prosthesis in free space. A graphical interface was generated to visualize prosthesis joint angles in real time as a point location in two-dimensional joint space (plantar flexion and dorsiflexion on the vertical axis and inversion and eversion on the horizontal). While wearing the prosthesis and watching the graphical interface, each subject was instructed to complete the following tasks: (i) move the prosthesis to within a predetermined window of joint angles, represented graphically as a rectangle in joint angle space; (ii) hold the prosthesis within this joint angle window for 3 s; (iii) stiffen the prosthesis by cocontracting the AMI muscles, while maintaining the joint position within the joint angle window; and (iv) return the prosthesis to its rest position.
After being introduced to the experimental paradigm and allowed one practice attempt, each subject repeatedly performed tasks 1 to 4 at 10 different locations across the full prosthesis joint angle space, in a randomly generated order. All trials were carried out within the same 2-hour session. Three metrics were selected to evaluate performance during volitional control experiments. For each metric, each subject's average performance was calculated across all trials performed by that subject to give an overall subject score. Scores for subject A (n = 100 samples from 10 trials) were compared to the average of the four subject scores from group T (n = 350 samples from 35 trials).
Identical experiments were also performed on a cohort of limbs with intact biological anatomy (n = 390 samples from 39 trials). This cohort included three of the four unaffected limbs from subjects in group T, as well as one limb of an additional subject with two intact biological limbs. For these experiments, subjects controlled the prosthesis with EMG signals measured from surface electrodes placed over the muscles in their intact biological limb. In this way, the performance metrics for this cohort are not meant to characterize the fully biological control system, but instead to capture performance of ideal muscular anatomy working in concert with the designed robotic platform. In addition, scores from subject A's unaffected leg (n = 100 samples from 10 trials) were compared with scores from the intact limb cohort to account for the possibility that subject A was uncharacteristically skilled at the particular experimental task.
The performance metrics used to assess volitional prosthetic control were path nonideality, time in target, and total wasted motion. All subjects successfully completed all tasks at all locations, with some target locations consistently more difficult than others ( Fig. 2B ; performance metrics for each individual subject are reported in table S1).
Path nonideality indicates the distance in angle space traversed by the prosthetic joints during the initial movement of the prosthesis from the rest angle to the target angle (task 1), normalized to the ideal distance from the rest angle to the center of the target square. Better performance in this metric is indicated by a lower score. Subject A's path nonideality score was 1.65 compared to an average score of 2.7 (±0.45) for subjects in group T. This represents a 39% improvement in performance. The average path nonideality score for the intact limb cohort was 1.68 (±0.87), and the score for subject A's unaffected limb was 1.56.
Time in target indicates ability to hold the prosthesis in the target window and is reported as the total time for which each subject maintained the prosthesis within the target during the 3-s hold task (task 2). Better performance in this metric is indicated by a higher score. Subject A's time in target score was 2.04 s compared to an average score of 1.53 s (±0.30) for subjects in group T. This represents a 33% improvement in performance. The average time in target score for the intact limb cohort was 2.16 s (±0.33), and the score for subject A's unaffected limb was 2.49 s.
Total wasted motion provides insight into stability and movement efficiency during joint motion and stiffening throughout all active portions of the trial (tasks 1 to 3). This is reported as the total anglespace distance traversed by the prosthetic joints, normalized to the minimum travel distance required to complete the tasks. Better performance in this metric is indicated by a lower score. Subject A's total wasted motion score was 7.45 compared to an average score of 21.74 (±2.68) for subjects in group T. This represents a 66% improvement in performance. The average total wasted motion score for the intact limb cohort was 8.79 (±3.17), and the score for subject A's unaffected limb was 7.33.
The representative sample traces in Fig. 2C qualitatively highlight the improved stability and path efficiency of subject A compared to subjects in group T during these volitional control experiments. These trends were also apparent in gait-related tasks requiring volitional control ( Fig. 3 and movie S2 ). While wearing the prosthesis, subject A and each subject from group T were asked to step on the side of a 4-cm block placed in their path, such that the lateral edge (outside) of the prosthetic foot was in contact with the block, whereas the medial edge (inside) of the foot remained in contact with the floor. The block was placed on the floor at the location of expected foot strike of the subject's affected leg to force the prosthetic foot into an everted position (Fig. 3) . All subjects were uniformly instructed to volitionally move the prosthetic ankle and subtalar joints during the swing phase of a single step such that the prosthetic subtalar would be everted appropriately for contact with the block. In subject A, we observed volitional repositioning of the subtalar into full eversion during the swing phase, consistent across all trials (n = 10). Swing-phase behaviors within group T were nonuniform, with high intersubject variability (n = 32 trials). Late swing eversion, defined as the maximum eversion angle achieved between 80 and 100% of the swing phase, was calculated for each trial. These values were then averaged to give an overall subject score. Subject A averaged 8.8 degrees of eversion, whereas the average score for group T was 4.8 (±5.9) degrees of inversion. Summary data are reported in Table 1 .
Reflexive behaviors
Reflexive activity was evaluated during stair ascent and descent tasks, in which humans reflexively modulate swing-phase joint angle (42, 43) . Subject A and all subjects from group T were instructed to walk as naturally as possible and to avoid active volitional movement of the prosthesis. Instructions were carefully designed and delivered uniformly with intent to be clear, concise, consistent, and free from bias. While ascending stairs, subject A (n = 10 trials) first reflexively plantarflexed the prosthetic ankle as the prosthesis left the ground and then dorsiflexed during swing to appropriately position the foot before placing it on the step ( Fig. 4A and movie S3) . He described these actions as automatic. These behaviors were not observed in subjects from group T (n = 32 trials). Late swing dorsiflexion, defined as the maximum dorsiflexion angle achieved between 80 and 100% of the swing phase, was calculated for each trial, and comparisons were made as above. Subject A averaged 7.3 degrees of dorsiflexion compared to 7.0 (±3.8) degrees of plantar flexion in group T. Summary data are reported in Table 1 .
While descending stairs (prosthetic leg leading), subject A exhibited plantar flexion in late swing to prepare for foot-ground contact ( Fig. 4B and movie S3 ). This behavior is fundamental to normalized stair-descent gait (42, 43) . Late swing plantar flexion was not appreciable in three of the four subjects from group T. The fourth subject (T3) consistently plantar-flexed beginning before toe-off, and the degree of plantar flexion lessened as the subject moved through the swing phase. Late swing plantar flexion was defined as the maximum plantar flexion angle achieved between 80 and 100% of the swing phase. Subject A averaged 11.9 degrees of plantar flexion compared to 2.3 (±3.2) degrees of plantar flexion in group T. Summary data are reported in Table 1 .
Control architecture: Prosthesis in the loop
The final set of experiments was designed to evaluate whether FES can provide usable torque information from the prosthetic device to a subject having AMIs. To close the control loop around the prosthesis, afferent feedback of prosthetic joint torque was provided to subject A through stimulation of the AMI muscles (Fig. 5A) . In response to torque measured on the prosthesis, microprocessors on the bionic leg commanded artificial stimulations to the antagonist muscle within each AMI, controlling the force borne on the mechanically coupled agonist. To validate this feedback modality in isolation, stimulation was first applied to the tibialis anterior-the muscle linked to prosthetic dorsiflexion-in absence of the prosthesis. Subject A qualitatively described the sensation associated with this stimulation as "standing at the edge of a step, with [his] weight pushing down," forcing his phantom ankle into a dorsiflexed state. By volitionally activating his calf muscles, he counteracted the perceived dorsiflexion and felt the phantom ankle return to a neutral position, as if he had done a calf-raise exercise while still standing at the step's edge. Subject A acknowledged the absence of cutaneous sensation and described perceiving the stimulation as "involuntary contraction" in the artificially stimulated tibialis anterior. However, he felt that these were minor distractions, to which he would grow accustomed with repeated use of the prosthesis.
Characterization of perception
Two psychometric evaluations were performed to quantify subject A's perception of torque intensity in absence of the prosthesis. First, a magnitude estimation experiment was carried out in a manner similar to experiments previously described in the literature (19, 25) . Stimulation was delivered to the tibialis anterior at randomly selected current amplitudes of integer values between 0 and 4 mA. Subject A was blinded to all stimulation parameters throughout the experiment. During each trial, the subject was instructed to remain at rest until he felt stimulation pulling his phantom ankle into a dorsiflexed position. He was then asked to counteract this perceived ankle torque by volitionally plantar-flexing his phantom ankle until the perceived joint angle returned to its neutral state. After stimulation had subsided, the subject verbally rated the magnitude of perceived torque (Fig. 5B ). There was a significant correlation between perceived dorsiflexion torque and stimulation amplitude (P < 0.0001, R 2 = 0.96, n = 25). In the second psychometric evaluation, a forced-choice paradigm was used to establish the just-noticeable difference (JND) for stimulation intensity, following the protocol outlined in (25) . During each trial, a pair of stimuli were applied to the tibialis anterior in a pseudorandom order; one of the two stimuli was delivered at a reference amplitude (2 mA), and the other was delivered at 1 of 11 possible stimulus values ranging from 0 to 4 mA. Each pair of stimuli was presented a total of 20 times in a pseudorandomly generated order, for a total of 220 individual trials. After each pair was presented, subject A was asked to indicate which of the two stimuli he perceived as stronger. Both subject A and the experimenter were blinded to stimulus amplitudes. A cumulative normal distribution was fit to the raw discrimination data to obtain a psychometric function. Two estimates of JND were calculated from this function as the change in stimulus amplitude that resulted in 75% judgment accuracy: one for increases relative to the reference value and the other for decreases relative to the reference value. These two values were then averaged to give a single estimate of JND. The psychometric curve for subject A was smooth, and the JND specific to this reference amplitude was 0.065 mA (Fig. 5C) . Closed-loop torque control Afferent feedback of prosthetic torque through stimulation of the AMI antagonist improved performance during torque control tasks. In these experiments, subject A plantar-flexed the prosthetic ankle in response to verbal commands of percent effort (25, 50, 75 , and 100%), thereby applying torque to a linear rotary-spring foot pedal. Sample trial plots (Fig. 5D) show the relationship between EMG activity, torque measured on the foot pedal, and stimulation amplitude. Summary results from these experiments are shown in Fig. 5E . With stimulation, subject A consistently generated four distinct torques at each of the four effort levels (P < 0.025, Tukey-Kramer, n = 79). Without muscle stimulation feedback, the torques generated at 50 and 75% effort and 75 and 100% effort did not differ significantly (P > 0.1, Tukey-Kramer, n = 79). Torques produced at 25, 50, and 100% effort were significantly different between the stimulation on and stimulation off cases (P < 0.02, t test), whereas those produced at 75% effort did not show a significant difference (P = 0.73). In his unaffected limb, subject A generated significantly different torques at each of the four effort levels (P < 0.001, Tukey-Kramer, n = 80).
Descriptions of the control experience
After each session, study participants were asked to comment on the experience of controlling the prototype prosthesis. Subject A described feeling as if the prosthesis was "his leg," referring to his missing biological limb. He explained, "My [conventional] prosthesis doesn't have the same sort of animation to it. This feels like it's alive." Over the course of this study, we observed subject A's candid interactions with the prosthesis during experimental downtime. On one occasion, at the end of the first trial day, we noticed that he was unconsciously fidgeting with the prosthetic foot while seated and engrossed in conversation (movie S4). On the second trial day, after standing on the device for only a few minutes, we watched as he wiggled his prosthetic foot to dislodge a roll of tape that had adhered to the bottom of his shoe (movie S4). These small behaviors provide evidence to support the subject's claim that the prosthesis had become embodied. Two days after the first trial day, in an email sent spontaneously to the research team, subject A explained, "Two days later and what transpired is still slowly sinking in. I keep trying to describe the sensation to people. Then this morning [my daughter] asked me if I felt like a cyborg. The answer was 'no, I felt like I had a foot'. I think that in just the short time I had it wired in and mounted to me it was quickly becoming part of me." Subjects from group T described a remarkably different subjective control experience. Subjects T1 and T4 both felt that their interaction with the device was similar to the interaction one might have playing a video game for the first time. Subject T2 explained that the prosthesis sometimes "behaved in a way that was somewhat surprising" and acknowledged that he felt "a bit of disconnect" with the device. He postulated that this disconnect would shrink over time, as Table 1 . Summary data for terrain traversal trials. The metric in the second column was calculated for each trial of the task named in the first column and averaged within each subject to give an overall subject score. Subject A's overall subject score for each task (from n = 10 trials per task) is reported in the third column. The fourth column reports mean ± 1 intersubject SD for group T (n = 4 subjects, n = 32 total trials per task). Late swing eversion, late swing dorsiflexion, and late swing plantar flexion were calculated as the maximum eversion, dorsiflexion, and plantar flexion angles, respectively, achieved between 80 and 100% of the swing phase of the relevant task.
Task
Metric Subject A (n = 1) Group T (n = 4) he learned to control the joints in a more predictable way. Upon further questioning, he revealed that his connectedness with any prosthesis was directly linked to the "sensation he received from it." Although this subject was pleased to be able to feel the device moving, which he perceived through shifts in momentum and vibrations carried through his socket, he noted that these sensations were only present while the joints were in motion. In his words, "I can feel it in the passage from point A to point B, but once it's at point B, or once it's resting at point A, there's no sensation." Subject T3 described "not really trusting" the device. Universal to the correspondence of subjects from group T was a distinct lack of ownership of the prosthesis or emotion associated with controlling it. The discrepancy in experience between subject A and group T may highlight the fundamental role of natural afferent sensation in prosthesis embodiment (44) (45) (46) (47) .
DISCUSSION
Proprioceptive sensation pertaining to a synthetic appendage was reflected onto the nervous system of a subject with two AMIs surgically constructed in his transtibial residuum. This subject (subject A) showed improved stability and motion path efficiency in free-space volitional control tasks, as compared to the cohort of four subjects having traditional transtibial amputation (group T). While ascending and descending stairs, subject A also demonstrated reflexive swing-phase behaviors that were absent in group T. In addition, we characterized a methodology for closed-loop torque control with afferent proprioceptive feedback of joint torque from a prosthetic limb in persons having one or more AMIs. This feedback improved performance on torque control tasks. One possible explanation of performance gaps between subject A and group T during volitional control tasks is a lack of fine control over residual muscle activation in the latter group. Several of the subjects in group T described involuntary cocontraction as a prominent source of efferent control difficulty; accompanying volitional activation of a muscle in the residual limb is a consistent unintended contraction in that muscle's antagonist. Consequently, these subjects must increase the volitional activation of their agonist to overpower the unintended antagonistic activation. This likely played a role in a perception that EMG output was binary (on or off) and in the instability that plagued all subjects in group T while attempting to generate graded volitional movement commands during the volitional control experiments.
Cocontraction during gait in patients having unilateral lowerextremity amputations has been documented in several independent studies (48, 49) . In these studies, it is hypothesized that cocontraction is the result of an effort to stabilize the residual limb within the prosthetic socket during the swing phase of gait. However, increased levels of involuntary cocontraction have also been observed in upperextremity amputees during volitional control tasks (50) (51) (52) . We posit that these complications may be attributed, at least in part, to limitations of the traditional clinical amputation procedure and rehabilitation protocol. Because the muscles in the residual limb of all subjects in (D) Representative sample traces of lateral gastrocnemius EMG (blue), torque (purple), and stimulation current (green) during closed-loop torque control trials for the "stimulation on" (n = 79 total trials) and "stimulation off" (n = 79 total trials) cases. Numbers at the top of the plot correspond to percent effort commands. Stimulation currents are normalized to 9 mA. EMG values are normalized to calibrated maxima for each muscle. (E) Summary data for closed-loop torque control trials in each of the stimulation on (n = 79 trials), stimulation off (n = 79 trials), and "unaffected limb" (n = 80 trials) cases. An asterisk above a bar indicates that the bar is significantly different from all other bars in the plot (P < 0.025). Where no significance was seen, a P value for the comparison is shown. Error bars represent a 99.9% confidence interval on the mean.
group T are anchored at fixed lengths, the dynamic muscle relationships that exist within a biological limb with intact anatomy are broken. These relationships are fundamental to fine motor control and functional joint stability (30, (53) (54) (55) and play a significant role in reciprocal reflex inhibition (56) (57) (58) . In their absence, traditional inhibitory reflex arcs may be disrupted, which would increase unintended antagonistic coactivation, and have a profound impact on a patient's ability to generate independent and separable muscle commands. The AMI has the potential to resolve this limitation by restoring the agonist-antagonist muscle relationships that are essential to appropriate reflexive muscle activation and by providing feedback of movement commands in the form of proprioceptive sensation. Supported by ultrasound data and patient testimonials, it is our hypothesis that dynamic agonist-antagonist stretch relationships in the residuum of subject A provide a proprioceptive affirmation of muscle activity within his residuum; each time he seeks to move his phantom limb, subject A receives confirmation of correct muscle activation as stretch receptors within the AMI muscles send signals to his brain. Swing-phase adjustments to joint position and impedance play a critical role in the adaptation of gait to varying terrains (42, 43) , and their absence has a significant impact on gait symmetry (59, 60) . Replicating these adaptations has long been a goal of lower-extremity prosthetic research, with the majority of efforts focused on intrinsic or EMG-based terrain prediction and recognition methodologies (61) (62) (63) . Unfortunately, both the accuracy and versatility of these state-of-the-art approaches pale in comparison to the human central nervous system, with its unparalleled ability to synthesize data streams from a vast array of biological sensors into a cogent motor control framework. While traversing various terrains, subjects in group T did not consistently demonstrate reflexive swing-phase modulation of prosthetic joint angle that would result in natural gait adaptations. These findings are in line with several studies examining EMG profiles in persons having transtibial amputation. In one study, it was shown that there is little intersubject consistency in muscle activation profiles during level ground walking and that muscle recruitment patterns do not match those in persons with two intact biological limbs (49) . In another study, it was concluded that persons having transtibial amputation are more prone to cocontraction within the residual ankle musculature than healthy controls (48) , which is consistent with our observations in several subjects from group T. In contrast, subject A reflexively modulated swing-phase joint angle in a manner appropriate to each terrain without training. These findings underscore the potential of the AMI to reinstate the central nervous system as the primary mediator of gait adaptation by providing the afferent proprioceptive sensations that are crucial to this function.
Here, we characterize a methodology to communicate sensations of joint torque from a bionic limb directly to the nervous system in a patient having an AMI. This feedback is perceived by subject A as natural torque about his phantom ankle and improves his performance in a task requiring torque modulation. Reliable closed-loop control of joint torque has the potential to provide an array of functionality to prosthetic users that was heretofore impossible. However, for these visions to become a reality, it will be necessary to improve viability of the stimulation delivery mechanism. The fine-wire electrodes used in this study are not a feasible long-term solution, because they are placed acutely for each experimental session and are not sufficiently anchored within the muscle to withstand the large shear forces associated with socket use. These issues can be resolved with a shift to permanently implanted intramuscular or epimysial electrodes that are fixed in place on the muscle to deliver repeatable stimulation (16, 17) . In addition, it is worth noting that stimulation of residual muscles may also improve performance during torquecontrol tasks in persons with traditional amputation; however, the mechanism behind any potential improvement resulting from such an approach, which would involve stimulating muscles that are fixed isometrically, would fundamentally differ from the agonist-antagonist relationships that drive perception within the natural limb.
Another key difference between the experiences of subject A and group T is rooted in their subjective descriptions of their relationship with the prosthesis. Subject A felt an immediate and lasting connection with the device, whereas subjects in group T described a distinct disconnect. On the basis of their accounts, we believe that the difference in embodiment is attributable to two primary factors, namely, (i) robustness and intuitiveness of efferent control and (ii) reliability of afferent feedback. It is our position that each correctly executed volitional or reflexive behavior, reinforced by natural proprioceptive sensation, has the potential to deepen the relationship between human and machine. In this way, a bionic system that integrates more completely with a patient's sense of self has the potential to improve usage and satisfaction (44) .
In this case study, the AMI described was implemented in an ideal surgical setting. The elective nature of the amputation made it possible to carefully plan our surgical approach. The muscular anatomy and limited degrees of freedom of the ankle and subtalar joints simplified the procedure relative to what would be necessary at the above-knee level or in the upper extremity. Even the patient's indication for amputation was advantageous; nonresolving bone injury represents an optimal availability of healthy distal soft tissue. However, it is important to note that the benefits of the AMI are not restricted to this limited patient population. Research is already underway to explore construction of AMIs at other amputation levels, as well as in the upper extremity. A recent study demonstrated the potential to leverage regenerative capabilities of nerve and muscle tissue in the construction of AMIs in settings where distal tissues are no longer available, such as traumatic amputations or revisions to existing amputations (40) . It is worth noting that, even with these advancements, the implementation of the AMI may not be appropriate in patients requiring amputation due to advanced peripheral vascular disease. Patients in this population typically exhibit neuropathy and microvascular compromise, which may negate the benefits of the AMI and inhibit proper wound healing. Nevertheless, even if this population were excluded entirely, a majority of the remaining estimated 46% of patients indicated for amputation (64) would be eligible for an AMI procedure. It is also noteworthy that the study presented herein does not separate the impact of the AMI procedure from the visualization exercises that were added to the rehabilitation protocol with the intent of preserving muscle sliding (for details, see the "Subject selection, surgery, and rehabilitation" section). This is a feature inherent to a case study design that relies on a historic control group. Because this is a first-in-human case study, the results presented herein serve to highlight the potential of the AMI to improve volitional and reflexive neural control of a prosthetic device; a larger trial in a greater number of patients is necessary to definitively understand the degree of improvement that can be attributed specifically to the AMI procedure.
Proprioceptive insensibility has long been a stumbling block for integration of bionic devices with human physical identity. The AMI is fundamentally distinct from other approaches in that its implementation begins with a reengineering of the musculoskeletal anatomy within the residuum. This approach is built upon an expanded understanding of what comprises a "neural interface" to incorporate not only synthetic components but also biological tissues (26, 65) . Because of the inherent capacity of muscle tissue to amplify efferent neural signals and mechanoreceptors within muscle and tendon to communicate afferent proprioceptive information to the nervous system, these native biological transducers are ideally suited to act as the bidirectional interface between the nerve and the prosthesis. The AMI was designed with the intent of optimizing this biological interface. The results presented herein demonstrate the potential of such a bionic system to improve functional outcomes and embodiment when compared with a traditional approach to amputation.
MATERIALS AND METHODS
Study design
The primary hypothesis investigated in this case study is that the AMI procedure and rehabilitation protocol (i) enables independent control of prosthetic joint angle and impedance and (ii) reflects proprioceptive afferent sensation pertaining to each joint of a two-degree-of-freedom ankle-foot prosthesis onto the central nervous system. The experiments presented were designed to demonstrate the AMI's potential to improve volitional, free-space control, restore swing-phase reflexes while traversing various terrains, and perform closed-loop torque control tasks. This was a first-in-human, nonrandomized case study. The experimental subject (subject A) served as his own control where possible. Where control subjects having a traditional amputation were needed, four subjects were selected (group T), representing a wide array of patient demographics. None of the patients reported or showed signs of any complicating nerve or muscle damage within the residual limb.
Subject selection, surgery, and rehabilitation
The AMI operation and clinical follow-up were performed with informed consent at Brigham and Women's Hospital, under the approval of the Partner's Health System Institutional Review Board. All other experiments were carried out with informed consent at the Massachusetts Institute of Technology (MIT), under the approval of the Committee on the Use of Humans as Experimental Subjects. Subject A was selected for participation based primarily on his need for elective unilateral transtibial amputation, indicated due to a traumatic Hawkins type 4 talus fracture and persistent nerve pain. He was 53 years old at the time of his primary amputation in July 2016. During this primary amputation, two AMIs were constructed within his residual limb by one of the study authors (M.J.C.). The amputation osteotomy was performed at 12 cm distal to the patellar ligament, resulting in a residuum of standard length. Acute rehabilitation began at 6 weeks postoperation. In addition to standard rehabilitation protocols, the patient regularly performed exercises focused on preserving motion within the AMI constructs. During these exercises, the patient was asked to visualize his phantom limb and focus on moving his phantom foot through the four primary ankle and subtalar joint motions (plantar flexion and dorsiflexion, inversion and eversion). No direct feedback of muscle activity was provided to the patient during rehabilitation exercises. Experimental sessions with the bionic prosthesis began in late April 2017 (9 to 10 months postoperation) and continued through November 2017 (16 to 17 months postoperation).
All subjects in group T were men with unilateral transtibial amputation, selected to incorporate a range of patient age (range, 37 to 47 years), time since amputation (range, 1 to 24 years), and body mass index (range, 24 to 33 kg/m 2 ). For more details about these subjects, see the "Subject selection (group T)" section in the Supplementary Materials.
Surface electrode placement and EMG processing EMG was recorded via bipolar surface electrodes, placed acutely over each of the four target muscles: lateral gastrocnemius for plantar flexion, tibialis anterior for dorsiflexion, tibialis anterior for inversion, and peroneus longus for eversion. An identical electrode placement protocol was followed for all experimental subjects. For further details, see the Supplementary Materials.
Efferent control architecture
The efferent control paradigm explored in this study was designed to allow direct control of prosthetic joint position and impedance. In this control approach, EMG signal amplitudes recorded from the agonist and antagonist AMI muscles were interpreted as desired torques produced in opposite directions about a virtual dynamic joint, which was constructed with physiologically relevant values for virtual parallel spring stiffness, virtual damping, and virtual inertia. The difference of these estimated torques was then applied to the virtual joint, causing it to move. The position of the virtual joint controlled the desired position of the associated prosthetic joint ( fig. S1 ). Prosthetic joint stiffness was directly modulated by the mean activation of the agonist and antagonist muscles, as modeled in (53) . This control architecture enables independent modulation of joint position and impedance. As with all EMG-based proportional control systems, there is a trade-off between joint stability and latency; typically, the particulars of this trade-off are buried in filter design. One benefit to the virtual-joint architecture is that filter parameters take on intuitive physical meaning and can be set to near-physiologic values. For a description of controller tuning, see the Supplementary Materials.
Although stimulation was active for prosthetic joint torque feedback, the stimulated muscle was assumed to be at zero activation, and input from that muscle to the controller was blocked ( fig. S1 ). Although this design eliminates the ability to actively move the joint in the same direction as an applied load, the scenarios in which this action would be desirable are likely to be extremely limited.
Fine-wire electrode placement and stimulation
Fine-wire electrodes were placed acutely (M.J.C.) at the start of each trial day, according to the technique presented in (66) . For all trials, the tibialis anterior muscle was stimulated with a 50-Hz, currentcontrolled, charge-balanced, asymmetric, biphasic pulse train (NL800, Digitimer). The pulse width of the cathodic phase was 200 s and that of the anodic phase was 400 s. For the closed-loop torque control experiments, the cathodic current amplitude was modulated in linear proportionality to prosthetic torque (measured or simulated) and ranged from 0 to 9 mA. For a full description of the electrode placement protocol, stimulation parameters, and evidence of proper electrode placement, see the Supplemental Materials, fig. S2 , and movie S5.
Closed-loop torque control experimental setup
During the closed-loop torque control experiments, the prosthesis was mounted to an assembly that held it in contact with the foot pedal, remote from the subject, to eliminate the possibility of confounding force feedback through the prosthetic socket. The subject was acoustically isolated with noise-canceling headphones worn over ear plugs and visually isolated with a sleep mask. He performed eight total trial groups under two different conditions; four of these trial groups were performed with torque feedback through stimulation of the AMI, and four were performed without such stimulation. Under the stimulation on condition, the tibialis anterior was stimulated with a current amplitude proportional to the plantar flexion torque measured on the prosthesis. Under the stimulation off condition, no such feedback was provided. Each trial group consisted of 20 commands (5 at each effort level), presented in a random order. Within a single trial group, all trials were carried out under the same condition, but the order of trial group conditions was selected at random. This format was chosen to account for bias in one condition having been consistently evaluated before the other, while preventing the possible scenario in which the subject applies excess torque in anticipation of a stimulus that never comes. The experiment was repeated without stimulation in subject A's unaffected limb to set a performance baseline. In these trials, subject A applied torque to the pedal with his right biological foot directly contacting the pedal. Pedal torque was streamed from the pedal's load cell to a data acquisition system (USB-6009, National Instruments).
Statistical analysis
Time-synchronized joint angle, EMG, and joint stiffness data were collected from the prosthesis in real time for all trials. Statistical comparisons were made within a given subject using the TukeyKramer multiple comparisons tests at a significance level of  = 0.025. In cases where a single comparison was appropriate, a t test was used at a significance level of  = 0.025. All statistical analysis was performed in MATLAB R2017a (The MathWorks). All EMG signals are normalized to calibrated maxima for each muscle. All shaded traces indicate mean ± 1 SD. Table S1 . Individual subject data for volitional control tasks.
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